In this paper we consider some of the economic implications of climate change scenarios as described in the Shared Socioeconomic Pathways (SSPs). By comparing potential water demand with estimates of (sustainable) water availability in different regions, we identify regions that are likely to be constrained in their future economic growth potential by the scarcity of water resources. We assess the macroeconomic impact of water scarcity under alternative allocation rules finding that, by assigning more water to sectors in which it has a higher value, shifting production to less water intensive sectors, and importing more water intensive goods, constrained regions can effectively neutralize these water related climate risks and adapt to a changing water environment. However, this adaptation effort is likely to imply some radical changes in water management policies.
Introduction
Currently almost a quarter of humanity, 1.6 billion people, live in countries of physical water scarcity, and this number may double in two decades. Population growth, urbanization, and economic expansion will heighten scarcities where water already is in short supply. Climate change, superimposed on this backdrop of water scarcity and excessive variability in many parts of the world, will perhaps magnify the challenge of managing a complex natural resource. In fact water is the primary channel through which many of the impacts of climate change will be felt -through variations in rainfall, snowmelt, storm surges, and rising seas. This paper seeks to explore this issue in more detail by investigating some of the macroeconomic implications of possible climate and growth induced future water scarcity. In order to do so, the paper combines projections of climate impacts on water supplies, from a suite of global climate models, with a conventional computable general equilibrium that incorporates water as a factor of production and a consumption good. The analysis is based on a comparison between potential demand for water and estimated water availability in a number of climate change scenarios. The feasibility of growth scenarios are examined when there is a water supply shock.
Water availability is calculated using the Global Change Assessment Models (GCAM). Three different climatic Global Circulation Models (GCMs) are used as inputs -CCSM, FIO, and GISS -to feed a complex hydrologic model. These encompass the range of model runoff uncertainties and cover the extremes of wet, moderate and dry projections from the GCAM model ensemble. The main output of these models is an estimate of runoff and water inflows for 15 sub-regions of the world. The models suggest that the global supply of water (in aggregate) is not significantly impacted by climate change, reflecting the fact that the water cycle is a closed dynamic system. However there are vast regional variations in run-off. More countries than not will experience declines in river flow, putting major stress on irrigated agriculture (see Figure 1 for an example of an output). Groundwater recharge, being heavily dependent on river flows, precipitation levels, and, in some regions, snowfall, is also likely to decline in these countries. Even regions which are likely to experience increases in precipitation may not see benefits. More rainfall will be partially offset by greater evaporation due to warmer temperatures. The supply side impacts are most severe in the Middle East, parts of Africa and Asia, with most of Europe and North America largely unaffected.
The analysis focuses on the consequences of changing runoff. For the purposes of this study, sustainable (renewable) water supply is defined as the total yearly runoff (where necessary integrated by water inflow) within a given region, and scenarios are considered in which this is the only available source of water. Therefore, the possible exploitation of non-renewable water resources (e.g., "fossil water") is ruled out, whereas the adoption of unconventional water supply (e.g., desalination, recycling, harvesting) is indirectly accounted for as improvements in water efficiency (fresh water needed per unit of economic activity). A global computable general equilibrium (CGE) model is used to assess water demand, recognizing its endogenous nature. The demand for water partly depends upon economic structure and income, which are in turn endogenous to available water supplies. The conclusions of the analysis are striking and highlight further the importance of water management policies. With water in short supply, the impact depends mainly on the policy regime.
The scenarios of economic development (the SSPs) that have been proposed to define different climate change futures have ignored water availability. The analysis presented in this paper suggests that underlying assumptions of sustained economic growth, especially for developing countries, are incompatible with the implied and available supplies of water. This underlines the need to consider resource availability and constraints when articulating scenarios.
The analysis begins by considering a business as usual scenario where water is managed under current regimes. In this scenario, the expected global damages are small relative to the expected global GDP in 2050: about 0.2 to 0.5 percent of global GDP in that year. But that estimate is misleading, because significant variations exist between regions. Northern Europe and North America where much of global GDP is produced, experience negligible damages in some scenarios and none in most. The bulk of losses are in the Middle East, North Africa, Central Asia, and South Asia and the magnitude of the loss is largely driven by the level of the water deficit. In the most arid regions the projected percentage losses are large and imply that baseline growth projections cannot be met.
In the next scenarios, when governments respond to water shortages by allocating a portion of water to more highly valued uses, losses decline dramatically and may even vanish. Indeed, in some cases, baseline growth projections are even exceeded. The implication is that the benefits to managing water resources as a valuable economic resource are considerable. Even if only a part of water use is allocated based on its economic price that brings supply and demand into balance, many of the problems of climate and socioeconomic-related scarcity will be resolved. In sum, the overarching policy implication is that prudent management of water resources (at broad spatial scales) could help neutralize many of the water-scarcity induced costs of climate change.
The remainder of this paper is organized as follows. Section 2 provides a brief review of the literature. Section 3 simulates industry-wide water intensity (use) coefficients and briefly explores how these have varied through time, sections 4 and 5 explore impacts of water supply-side shocks on economic growth and feedback effects on water demand and how these respond to policy changes. Section 6 deals with changes in industry composition and the virtual water trade, while Section 7 concludes.
Related literature
This paper is related to a significant body of research on the economic impacts of climate change. Broadly three approaches appear to dominate the literature: large integrated assessment models that combine physical and economic models, cross-country regression analyses and computable general equilibrium models.
The traditional approach to assessing the economic costs of climate change is through the large integrated assessment models (IAMs) , that use reduced form equations to capture long term perspectives, to the end of this century and beyond (e.g. Nordhaus, 1994 Nordhaus, , 2007 Nordhaus, , 2010 Tol, 2005; Stern, 2007; Agrawala et al., 2011) . Most of these studies have a stylized representation of the economy focusing on projections of climate change impacts over time. They often include highly aggregated integrated structures, with a climate change induced damage function represented by a single or series of equations. The aggregated results are useful for informing higher level policy debates on the balance between mitigation and adaptation, but provide less information needed to guide policy at the sector and country levels.
An alternative approach seeks evidence through cross-country panel regressions between country short term (annual) economic growth rates or levels and climate related variables. Dell et al. (2012) were perhaps the first to investigate the effects of climate variability (temperature and precipitation), on GDP per capita growth. The study finds that for poor countries, as a group, the effect of a one degree increase in temperature is to reduce growth by 1.4 percent. The effects on richer (and mainly temperate) countries is smaller and less well determined in the regressions. It should be noted that Dell et al. do not find a link between precipitation and GDP growth. In contrast, in a closely related study Brown et al., (2013) allow for temporal and spatial variation in precipitation and find that a 1% increase in drought exposure results in a decline in GDP per capita of 2.7%. Overall these studies are valuable in pointing to a pathway by which climate change could have impacts. But there are some caveats that need to be noted. First the econometric estimates can be criticized on a number of grounds, such as: using linear functions where non-linearity is more likely to be the case; not taking account of inter-annual variability of temperature and rainfall and their interdependency, and not allowing for individual country effects. Furthermore none of these paper indicate causality of impacts, which is a concern over long periods of time in a panel. For instance this leaves open the possibility that the common observations of climate variability and GDP changes are the result of some other unconnected factors such as a structural shifts, that have nothing to do with climate, during a period of rising temperatures.
A smaller strand of literature uses computable general equilibrium (CGE) models to examine the economic implications of climate change impacts with explicit causal links built into the models (e.g. Bosello et al., 2006 , Eboli, Parrado and Roson, 2010 , Roson and van der Mensbrugghe, 2012 . The use of CGE models to explore water issues has been recently reviewed by Calzadilla et al. (2016) . Because CGE models have a more disaggregated structure, they need more information to determine annual equilibria and to run them forward, linking annual changes for more than 40-50 years, becomes complex. On the other hand, they are able to track the impacts of climate in a more detailed way than IAMs, which rely on reduced form functions linking impacts to temperature (see, e.g., disaggregated climate impacts estimated by Roson and Sartori, 2016) . Recent work at the OECD (OECD, 2015) has attempted to address these issues by combining a CGE model to investigate the economic impacts of climate change with an IAM model (AD-RICE). This approach can also explain how the composition of GDP is affected over time by climate change and how trade patterns may respond. Similarly, Taheripour et al (2015) have developed a version of the GTAP model with detailed modeling of biofuel supply as well as water demand and supply for the South Asia region (Bangladesh, India and Pakistan). Impacts emerge mainly on agricultural GDP in this analysis. The main recommendations of the analysis is one of meeting demand through improvements in water and land productivity as much as possible. Sartori (2014, 2015 ) use a CGE model in two different works to analyze the consequences of water scarcity induced by climate change in the Mediterranean. They focus, respectively, on impacts in the tourism industry and in agriculture. It is found that more incoming tourists would increase national income but also induce a change in the productive structure. In most countries, the decline in agriculture entails a lower demand for water, counteracting the additional demand for water coming from tourists. Lower agricultural productivity, induced by reduced water availability, also generates negative consequences in terms of real income and welfare, but the magnitude of the loss depends on the share of agricultural activities in the economy and on the stringency of the environmental regulation.
Estimating industrial water intensity
Most of the demand for water is an indirect demand, as water is mainly needed to produce goods and services, as well as to support the existence of aquatic ecosystems. Therefore, evaluating the future demand for water requires an assessment of the linkage between water use and the level of economic activities. The numerical exercise presented in this paper is based on estimated "water intensity coefficients" (WIC), which express the amount of water consumed (or otherwise "used") per unit of output in different industries in various regions of the world.
Our estimates of water usage by sector draw upon different data sources. Data from the WIOD project (Dietzenbacher et el., 2013) , provides industrial output levels and water use in regional industries and households (Genty, Arto, and Neuwahl, 2013) . Water usage for agricultural industries has been estimated by combining regionally detailed information available in Mekonnen and Hoekstra (2011) with individual crop-level data elaborated for the European research project WASSERMed (Roson and Sartori, 2015) . Water usage for primary production of coal, gas and oil was estimated combining information on water consumption for various technologies (Mielke, Diaz Anadon and Narayanamurti, 2010) with estimates of thermal potential (U.S. Energy Information Administration, 2015). Estimates of municipal water consumption are provided by Mekonnen and Hoekstra (2011) .
Industrial water intensity coefficients are summarized in Table 1 As expected, the sector where water is most intensively used is agriculture. On the other hand, the inverse of water intensity coefficients gives the values of output per unit of water: the returns on water are significantly higher in non-agricultural industries.
The ratio between water usage and output volume is, of course, time variant. Understanding how water usage changes over time is of fundamental importance in this context, because we want to translate scenarios of economic growth in terms of water demand projections.
To this end, we estimate empirically the relationship between output changes and water intensity coefficients using panel data derived from the WIOD data base. The WIOD provides a series of inputoutput tables for 41 countries/regions for the years 1995-2009, and also provides information on water usage by sector. Combining water usage with industrial output volumes, a time series of WICs can be obtained. As only 12 of the original 35 WIOD industries are reported as water consuming, the result is a bi-dimensional (industry by country) panel with more than 5000 observations (after removing missing data).
We experimented with alternative model formulations, finding that the most satisfying results 3 are obtained when the annual percentage variation of water intensity coefficients, by industry, is regressed against the annual percentage variation of industrial production levels, industry dummies and regional dummies . The constant term is not statistically significant. Instead, some of regional dummies are. The coefficient associated with the industrial output volume is about -0.74. The implication is that when industrial production rises, then industrial water consumption increases by just 26% of the output growth 6 . Historically, there have been significant economies of scale and output related efficiency gains in water use. If future use patterns reflect those of the past, it is reasonable to expect roughly equivalent efficiency improvements at least over the medium run.
As for the industry dummies, Table 2 shows that three coefficients are statistically significant. For Textiles the coefficient is -1.77. This means that industrial water consumption would decrease, unless production levels grow (in a year) more that 6.8% 7 , which is a strong water efficiency gain indeed. For Chemicals the coefficient is 1.92. This suggests that industrial water consumption would increase 8 . For Electricity, Gas and Water Supply the coefficient is 1.91: more water would be used to produce electricity and water distribution services.
Restricting the attention to coefficients which have non-zero values in their 95% confidence interval, it turns out that some countries exhibit quite strong, and positive, trends. Interestingly, these are all countries which have experienced very high GDP growth rates in the period under consideration: China, Estonia, Indonesia, India, Ireland, South Korea, Lithuania, Poland, Russia, Turkey and Taiwan. In the context at hand, the critical issue is whether the observed trend could persist in the long run. As we think that this is unlikely to be the case, we have dropped all regional coefficients in our estimates of future water demand.
Economic growth and potential water demand
Most of the quantitative modeling exercises of climate change (impacts and policies), undertaken before the 5 th Assessment Report of the IPCC (2014) have been based on the SRES scenarios, which are now replaced by the "Representative Concentration Pathways" (RCP) and "Shared Socio-economic Pathways" (SSP). RCPs focus on physical variables and provide time-dependent projections of atmospheric greenhouse gas (GHG) concentrations (van Vuuren et al., 2011) . They are representative in 5 For clarity, we omit here the non-statistically significant variables (except the constant term) and all regional dummies. 6 This is because the percentage change in water demand is given by the sum of percentage variation in output (e.g. +1%)
and the percentage variation in water intensity (e.g., -0.74%). 7 Let w=water demand, o=output, i=water intensity:
With production +1% water consumption +2.18%, production +3% water consumption +2.7%, production +5% water consumption +3.2%.
that they are one of several different scenarios that have similar radiative forcing and emissions characteristics.
SSPs focus instead on socio-economic variables and partly overlap with RCPs. SSPs are defined as reference pathways, describing plausible alternative trends in the evolution of society and ecosystems over a century timescale , in the absence of climate change or climate policies (Kriegler et al., 2012; O'Neill et al., 2014) . SSPs are differentiated on the basis of pre-specified outcomes (e.g. population, economic development, technologies, preferences, institutional effectiveness). Some of these elements are expressed qualitatively in "narratives", while others will be quantitative. Unfortunately, SSPs have so far not been precisely defined in quantitative terms and their use as baselines for quantitative modeling exercises is therefore problematic. There are very few examples of SSPs being used to guide quantitative assessments of water related impacts. A notable pioneering exercise was undertaken by Hanasaki et al. (2013) who used the Asia-Pacific Integrated Model of the National Institute for Environmental Studies, Japan, to "interpret" the SSP qualitative narratives into quantitative estimates.
In this study, a similar strategy is used, based on a limited set of SSP forecasts of income and population growth, complemented by CGE simulations aimed at enlarging the number of estimated economic variables. The exercise is conducted for two years, 2050 and 2100, and for two SSPs: SSP1 9 , termed "Sustainability", and SSP3
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, termed "Regional Rivalry". For each combination of year and SSP, growth rates in population and GDP have been assumed, using data from the IIASA SSP repository 11 . By shocking the corresponding parameters in the GTAP CGE model 12 , several other endogenous variables were obtained, like production volumes by industry and region, household consumption, regional investments, exports and imports, income by source, etc. Estimates of industrial output are especially relevant here because, coupled with our calculated water intensity coefficients, they allow us to derive the implied water demand for the years 2050 and 2100. Analogously, municipal water demand was computed by assuming it dependent on population growth, real income levels and a trend of increased water efficiency 13 .
The first-round projections which are used as a baseline for future comparisons of water demand are displayed in Table 3 . The Table also reports the corresponding variations in regional GDP obtained from the SSPs
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. Water demand estimates do not take account of possible efficiency gains in addition to those observed historically, or alternative policy responses. These are issues we turn to in the next sections of this paper.
The effect of water availability constraints
The logical next step in the analysis is to compare future water demand with climate impacted supplies and to assess the economic consequences of any emerging water deficits. However, the concept of water supply cannot be unambiguously defined because, for instance, water quality is variable, and water is transformed rather than consumed (the water cycle). Furthermore, our analysis is affected by aggregation issues, as we deal with large macro-regions in periods of one year, whereas the matching between water demand and supply occurs at a much finer spatial-temporal scale.
For our purposes, we define "sustainable water supply" the sum of water runoff and inflow in a region 15 , in line with the definition of the Water Scarcity Index (WSI) used in the literature (e.g., World Bank , 2015) . The reason for focusing on runoff and inflow is that it captures most hydrological sources that impact water supply (e.g., groundwater, through aquifer replenishment). Further we allow for so-called "unconventional" water management options (e.g., desalination, harvesting, recycling) through changes in water efficiency. On the other hand unsustainable abstraction of ground or surface water is ruled out as it is not a feasible long run strategy.
Our assessment of future water availability is based on the GCAM model 16 . The GCAM model has been used to estimate water runoffs and inflows on the basis of exogenous climate variables provided by three different Global Circulation Models (CCSM, GISS, FIO ESM). Figure 2 shows the estimated global runoff generation (sum for all countries) for the three GCMs covering wet, medium and dry model outcomes in the GCAM ensemble.
13 More precisely, the variation in municipal water demand (m) is formulated as m = (p + 0.35 y) f. Where p is the percentage change of regional population, y stands for real income change, f is an efficiency factor equal to 0.8 in 2050 and 0.7 in 2100. The 0.35 elasticity value is taken from Worthington and Hoffman (2006) . 14 Some variations may look implausibly large. However, a +3000% variation in the period 2004-2100 corresponds to a +3.64% average yearly change, +2000% to +3.22%, +1000% to +2.53%. A +15000% variation corresponds to +5.37%. 15 As we use rather large macro-regions in this study, the amount of water inflow is normally negligible, with one exception: the inflow of the Nile river for the Middle East and North Africa (MENA) region. 16 http://www.globalchange.umd.edu/models/gcam .
Figure 2 -Estimated global runoff
It is immediately evident that, although some differences between the three cases exist (especially at the regional level, not shown here), the overall availability of water resources is not expected to change in any significant way during the century, reflecting the fact that the water cycle is closed. On the other hand, to the extent that the demand for water follows regional economic and demographic growth, increasing pressure on limited water resources emerges in several areas.
To gauge the severity of this pressure the mean estimate of "sustainable water supply", obtained as mathematical averages of the three regional runoffs and inflows estimates, is compared with our projections of water demand. Tables 4 and 5 display the percentage of excess of potential water demand for the two scenarios (SSP1 and SSP2) and the two reference years 2050 and 2100. In other words, it shows, ceteris paribus, the amount of reduction in water demand that would be necessary to make it sustainable and compatible with the actual availability of renewable water resources.
The differences in the qualitative pictures emerging from the two socio-economic scenarios SSP1 and SSP3 are minor. On the other hand the regional disparities are vast. Current water consumption already exceeds sustainable levels in some regions, most notably in the Middle East and North Africa (MENA) but also in South Asia (India and neighbor countries). Things get worse over the century, with more regions experiencing tightening water scarcity, all located in Africa and Asia. How could the excessive demand for water be reconciled with future water availability? We consider three complementary strategies that are commonly observed -technology change, policy induced allocation changes (i.e., a substitution effect) and an output effect:
• Technology effects. With water becoming scarcer and more valued, technical efficiency measures could be adopted. Moreover scarcity would render investments in water saving technologies more attractive and viable. Technical efficiency measures might include: modern irrigation systems, water harvesting and recycling, desalination, use of brackish water in agriculture;
• Substitution effects. Water would likely be allocated in a more efficient fashion in time and space. Water storage basins, for instance, could smooth the mismatch between precipitation and usage time. Economic activities demanding relatively more water would be allocated in subregions in which water is not scarce (recall that the model involves very large macro-regions with differentiated conditions);
• Output effects. Finally, water scarcity could impair some economic activities, and in a CGE setup the market would curb the indirect demand for water, by acting on its primary determinants. For example, with less water available for irrigation, lower crop productivity would be experienced in agriculture. The latter would increase the price of domestic products and reduce output volumes, ultimately reducing the demand for irrigation water as well. Drawing upon the regression estimates described in Section 3, it is assumed that much of the demandsupply gap can be covered by direct and indirect efficiency improvements. More precisely a 100% increase in output triggers on average a 25% drop in (multi-factor) productivity (production volumes) for the water demanding industries ceteris paribus. This hypothesis is based on estimates informed by the regression analysis and may not hold uniformly. Hence in the Appendix results of a comprehensive sensitivity analysis are provided, where both the water supply and the share covered through changes in productivity are considered as random variables. Our central results seem robust to these experiments over large ranges.
The magnitude of the industrial productivity cuts depends, in principle, on the amount of water allocated to each industry. We consider a simple baseline, in which water is reduced proportionally in all water demanding industries, with variations in output approximately of same amount, triggered by changes in productivity
17
. We contrast this baseline case (no inter-industrial water reallocation [NO-WR]) with two alternative policy options. Recognizing that perfect reallocations are improbable and unrealistic, smaller reductions are applied in sectors where water is relatively more valuable (and vice versa). We consider mild [MILD] and strong [STRONG] water reallocation schemes.
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These scenarios may be viewed as proxies for a water market.
The economic implications of the three scenarios are evaluated by means of a global Computable General Equilibrium model, using a version of the GTAP model, described in Hertel and Tsigas (1997) . 17 We change the productivity factors in such a way that output would fall by the same percentage of the water cut, if all other variables in the general equilibrium model would stay fixed. However, once these other variables are endogenously varied in a simulation experiment, the actual change in output will be different. 18 The inverse of the water intensity coefficient is the value of production per unit of water, that is, the water industrial productivity. We allocate water (therefore, cuts in productivity) at the industrial level through a function, which depends on relative water returns. An elasticity parameter affects the sensitivity to the relative returns, and this is set to 0.1 for the MILD scenario, 0.25 for the STRONG scenario. With a strong inter-industrial allocation of water, it turns out that a few industries, where water is quite valuable, can get more water than in the baseline (despite the fact that water consumption is reduced for the macro-region as a whole). In this case, they increase their productivity and production volumes.
A CGE model is a very large non-linear system, providing a disaggregated representation of national, regional and multi-regional economies. The system includes market clearing conditions and accounting identities, to trace the circular flow of income and inter-sectoral linkages inside the economic system, and simulations are performed as comparative statics exercises. This means that two hypothetical equilibria are compared: a baseline reference and a perturbed equilibrium, in which the structural adjustment processes triggered by parameter changes are simulated. The exogenous variables which have been varied in our simulation exercises are the industrial multi-factor productivity parameters, as described above. The output of a CGE simulation is very rich and includes information on: income, consumption levels, welfare, international trade, prices and production volumes. We illustrate here the impact of water scarcity and agricultural productivity, under the various scenarios, on a few key macroeconomic indicators. Tables 6 and 7 shows the computed percentage variation in the real Gross Domestic Product (GDP) for SSP1 and SSP3, respectively, at the year 2050.
Effects on real aggregate income are dramatic in some regions (MENA, S_Asia) if water is reduced uniformly across industries, and the impact is sizable even at the global level. However, these negative effects can be significantly curbed if some reallocation of scarce water resources takes place. If the water reallocation is marked (STRONG), we find that the macroeconomic impact of water scarcity becomes positive for regions in Asia and for the world as a whole. This is because the lack of water resources is more than compensated by a relatively more efficient distribution of economic activities, benefitting those industries which do not consume water, or in which the implicit returns on water are higher. Again, there are no significant differences between SSP1 and SSP3, from a qualitative point of view, although global variations are larger in SSP3. 
Economic structure and virtual water trade
The reduced water availability and the consequent change in industrial productivity bring about a structural change in all regional economies, as the relative competitiveness of the different industries varies. The effect goes beyond the industries and regions affected by the productivity shock. For example, when domestic agricultural products become more expensive to produce, because of water shortage, more imported agricultural products will be bought. To keep the payment balance in equilibrium, a real devaluation of the national currency will follow, making -ceteris paribus -the domestic manufacturing sector or, more generally, the non-water-consuming industries relatively more competitive in the international markets.
To illustrate how the economic structure would change under the different conditions, we take the physical output of industries in the MENA region, for the SSP1 scenario, as an example. Table 10 displays the percentage variation of output under the three policy options of water allocation.
We can see that, when water endowments are reduced by the same percentage in all sectors, production levels drop by different proportions, and the output falls even for those industries that do not employ water in their production processes (despite the real devaluation effect explained above). This may be due to a combination of factors, including lower domestic income (reducing the internal final demand) and more expensive (domestic) intermediate factors.
However, when the reduced water stock is assigned to the different sectors and the relative returns on water are considered, we see that some industries (mainly in agriculture) shrink even more, but others reduce much less or even increase their production volumes. Of course, this rebalancing effect is more noticeable when the water reallocation scheme is "strong". Another interesting way to look at the changes in the economic structure is analyzing the variations in virtual water trade flows. Virtual water trade refers to the implicit content of water in import and export flows. The water intensity coefficients can be employed to estimate the amount of water that was used to produce goods that have been subsequently transferred abroad, which can be interpreted as a virtual export of water. The reduction in agricultural production and other water consuming activities in water constrained regions implies a substitution of domestic water-consuming goods with imports, that is an increase of virtual water imports. The difference between row and column totals gives the changes in the "virtual water trade balance". For instance it is found that, as a consequence of the market mechanisms affecting the economic structure, MENA increases its net imports of virtual water of about 30.8 billions of m 3 . This can be considered a market-mediated response to the emerging water scarcity. South Asia (another water-constrained region) also increases its net imports of virtual water (3.9 billions of m 3 ) 19 . Of course, other regions expand their net exports, because the change in the global virtual water trade balance must be zero.
Concluding remarks
In this paper the results of some numerical simulation exercises aimed at assessing the macroeconomic consequences of a possible future scarcity of water have been presented. As with all modeling exercises, the analysis is based upon a litany of assumptions and cannot be interpreted as predictions of future changes in GDP. Instead the exercise serves to improve understanding of the magnitude and direction of changes and how alternative policies can either accentuate or mitigate the adverse impacts.
The results demonstrate that water remains a significant obstacle to growth and development in some regions, in the context of a changing climate. It also forcefully illustrates that prudent management of water resources is likely sufficient to neutralize some of the undesirable impacts. Along the way several assumptions have been introduced, which are all more or less questionable. Nevertheless, the main results are robust to alternative conjectures as suggested by the simulations in the Appendix, and three main messages emerge from the analysis.
First, scenarios of economic development (the SSPs) that have been recently proposed to support the scientific analyses of climate change have ignored water availability. The underlying assumptions of sustained economic growth, especially for developing countries, would imply an excessive consumption of water, even when substantial improvements in water efficiency are envisaged. Our analysis shows that the baseline SSP growth scenarios are incompatible with the implied impacts on water supply.
Second, and related to the previous point, the emerging water scarcity will mainly affect developing countries in Africa and Asia, hampering their prospects of economic growth. This means that water scarcity will increase economic inequality around the world.
Third, an economically efficient reallocation of scarce water resources towards sectors where the economic return per unit of water is higher can be a very effective policy response to the emerging water scarcity and its consequences. The analysis reveals that with a STRONG reallocation of water (implying aggressive policies in many countries), would it be possible to mitigate the macroeconomic impacts (e.g., measured by GDP) due to water resources scarcity. Of course, the model says nothing about how this reallocation could be implemented in practice. The introduction of water markets (i.e. efficient water pricing) or a more market-oriented planning of water infrastructure could be part of the solution. These are issues that have been widely discussed in the water management literature and are beyond the scope of this modeling exercise.
Appendix: a sensitivity analysis
The results of our numerical exercise are affected by multiple uncertainties and one may wonder how robust our findings are with respect to baseline estimates and alternative assumptions. To partially respond to these concerns, we illustrate in this appendix a sensitivity analysis for the 2050 SSP1 scenario without inter-industrial water reallocation (NO-WR).
Simulations in the general equilibrium model are based on exogenous variations in industrial productivity, meant to reduce output volumes in each sector to a level compatible with water availability. The magnitude of these exogenous shocks depends on the gap between potential water demand and supply, as well as on the share of the gap covered by means of production cuts (we assumed 25%). For example, if potential water demand exceeds supply by 50%, then industrial output should be reduced by 8.33% (25%*50% / 150%).
We have conducted a sensitivity analysis by allowing uncertainty in both the estimates of water supply and on the share of the gap covered through reductions in industrial output. More precisely, instead of fixing the water supply in each country at a given level, we interpret the water supply as a normally distributed random variable with mean equal to that level and standard deviation equal to 2.5% of it. This means that there is a 95% probability that the actual level of water supply falls inside the +/-4.9% range of our initial estimate. Analogously, the gap share is assumed to be a (truncated) normally distributed random variable, with mean 25% and standard error 12.5% (confidence interval 0.5%-49.5%).
Since the exogenous shocks in the CGE model are obtained by a function involving both water supply and gap shares, the shocks themselves become random variables 20 . A sensitivity analysis can then conducted by performing many simulation runs, where each run is driven by one specific realization of the multidimensional random variable of the shocks. Here, we have undertaken 100 simulation runs, getting 100 different values for all endogenous variables in the model. These results have subsequently been processed by means of statistical quadrature techniques, to infer the distribution of the endogenous variables.
Since we are assuming as a mean for the water supply and gap shares random variables the same values that were adopted in the deterministic model, it is not surprising that the central values estimated for the endogenous variables coincide with the values obtained beforehand. The additional information obtained by the sensitivity analysis is the dispersion of the distribution, measured for instance by its standard deviation. In turn, the standard deviation provides an assessment of the robustness of the results: the higher the standard deviation, the larger the uncertainty on the model output.
By way of illustration, Table A1 presents the estimates of real GDP deviations in the 2050/SSP1/NO-WR sensitivity analysis. Three columns are shown. The one in the middle corresponds to the NO-WR column in Table 8 , that is our best estimate of variations in real GDP for the scenario at hand. The left and right columns present the lower and upper bounds of the 95% confidence interval for our estimates. Therefore, they identify an interval which is "very likely" to contain the "true" variation in real GDP. Of course, the same kind of analysis can be conducted for all other variables in the model. 
